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CRITERIA  OF  THE  LONGITUDINAL  STABILITY 
OF  THE  EKRANOPLAN 

R.  D.  Irodov 


Examined  are  some  questions  of  the 
longitudinal  stability  of  the  ekranoplan* / 
directly  connected  with  the  selection  of 
its  aerodynamic  design. 

The  ekranoplan  is  a flight  vehicle  which  uses  the  effect 
of  a considerable  increase  in  the  lift  properties  and  lift-drag 
ratio  of  a wing  in  flight  near  the  surface  (screen).  The  favorable 
effect  of  the  screen  appears  greater,  the  less  the  height  of  the 
location  above  it  of  the  trailing  edge  of  the  wing  expressed  in 
parts  of  a chord.  With  the  assigned  wing  area  and  the  assigned 
absolute  distance  from  the  screen  to  the  trailing  edge  of  the 
wing,  determined  by  the  possible  height  of  the  uneveness  of  the 
screen,  the  effect  of  the  screen  will  be  greater,  the  less  the 
wing  aspect  ratio.  This  fact  defines  the  design  of  the  ekranoplan 
as  a flight  vehicle  with  a low  aspect-ratio  wing  [1].  Some 
features  of  the  aerodynamic  characteristics  of  the  ekranoplan  lead 
to  the  need  for  the  introduction  of  new  stability  criteria  and 
the  appearance  in  connection  with  this  of  additional  requirements 

•Translator’s  Note.  This  term  is  a transliteration  from  the 
Russian  and  not  listed  in  dictionaries;  it  is  believed  to  be  some 
kind  of  air-cushion  vehicle  which  moves  over  the  surface  on  an 
air  cushion. 
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for  its  aerodynamic  design. 


1.  The  equations  of  pitching  of  the  ekranoplan  do  :v.  differ 
in  form  from  similar  equations  Per  an  aircraft  and  are  written  in 
the  form  [2] 


~~4f~  — sin  •)• 


p 

where  g is  the  force  of  gravity  [m/s  ], 

n and  n - ratio  to  the  weight  of  the  aircraft  of  the  sum 
x y of  projections  of  the  thrust  of  the  engines  and 

aerodynamic  forces  on  the  horizontal  and  vertical 
axes  of  a high-speed  coordinate  system, 

t - time  [3], 

V - flight  speed  [m/s], 

G - flight  path  angle  [rad], 

* - pitch  angle  [rad], 

H - flight  altitude  (distance  from  the  center  of 
gravity  of  the  ekranoplan  to  the  surface  of  the 
3creen)  [m], 

M - pitching  moment  [kgf-m]. 

Ld 

The  weight  of  the  ekranoplan  G and  its  moment  of  inertia  I 

in  the  analysis  of  motion  during  short  time  intervals  can  be 

considered  to  be  constant.  The  effect  of  the  aerodynamic  forces 

on  the  ekranoplan  is  assigned  by  dependences  n , n and  M on  the 

a y z 

parameters  which  determine  the  flight  conditions,  taking  into 
account  the  obvious  equation  of  constraint  >*0+a,  where  a is  the 
angle  of  attack. 

When  evaluating  the  stability  of  the  aircraft,  the  dominant 
role  is  played  by  the  examination  of  motion  at  a constant  velocity 
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(short-period  motion).  Let  us  write  the  equations  of  the  short- 

period  motion  of  the  ekranoplar,  in  increments,  being  based  on  the 

same  assumptions  as  tnose  in  the  case  of  an  aircraft  [2]:  Y-ccnst ; 

0*9  +A0 ; n *n  +An  ; H*H  +AH ; +A$;  M *M„  „ +AX  . 

mcx  * y y mcx  y*  mux  mcx  z z m cx  z 


The  initial  mode  is  the  horizontal  steady  flight:  6 „ “0; 

MCX 

Mz  mcx*0  * ny  MCX*1- 


As  a result  of  these  assumptions  the  first  equation  of 
system  (1)  becomes  Identical  (nx=0),  and  the  other  three  are 
written  in  the  form 


A«-f  A'4  — -J- AM,, 

* i 

tH~  V/A6 


(2) 


(the  dot  denotes  differentiation  with  respect  to  time). 


Assuming  further  that  the  angles  of  attack  a and  the  devia- 
tions of  the  stabilizer  $ and  flight  altitude  H in  the  process 
of  the  disturbed  motion  are  changed  within  such  limits,  and  that 
increases  in  the  aerodynamic  coefficients  Acy  and  Amp  5 


pi/ * p 4 

AM,—  I-Y-SbA  Am,,  where  p is  the  air  density  [kg-s  /m  ] , b^  - the 


average  aerodynamic  chord  of  the  wing  [m],  S - the  wing  area 
[m2]^  can  be  considered  linearly  dependent  on  them,  let  us  write 


Ac,  = c*  Ax  -f  c"  A H\ 

• i 

Am,  smjAa-f  mj  Aa  + m\  A?  + m*»  ®,  4-  m"  AA/. 


Here  is  the  angular  rate  of  rotation  of  the  ekranoplan, 

<p  is  the  angle  of  deflection  of  the  stabilizer.  After  substituting 
the  expressions  for  Acy  and  Amz  into  the  system  and  after  excluding 
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an  increase  in  the  flight  path  angle  A0,  we  will  obtain  the  system 
of  two  linear  differential  second-order  equations  with  constant 
coefficients . 

Converting  in  this  system  to  a new  time  unit  t , dependent 
on  parameters  of  the  ekranoplan  and  flight  conditions  t«“,  Tn« 

[s],  introducing  the  differential  operator  with  respect  to 
the  dimensionless  time  D»d/dt  and  after  designating  for  brevity 


25=*; 


«"•  + «• 
is 


t>A 


ml=i—  c\ a • « = • ZiL- 

• — £ V *»'  1 — l y » 


r_  rf*  bA 

dt  ~V 


bA  ' 


«*== 


it  — 


2 0/5 

P gb* 

o 


' XfH  ~ 


is  the  relative  density  of  the  ekranoplan; 

- dimensionless  moment  of  inertia; 

- reserve  of  the  longitudinal  static  stability  with 
respect  to  the  angle  of  attack  is  the  distance 

in  parts  of  the  MAC_of  the  center  of  gravity 
of  the  ekranoplan  (xT)  up  to  the  point  of  the 

application  of  a lift  increment  because  of  a 

change  in  the  angle  of  attack  x„  : 

r u 

- reserve  of  the  longitudinal  static  stability 
with  respect  to  the  height  above  the  screen  is 
the  distance  in  the  fractions  of  the  MAC  from 
the  center  of  gravity  of  the  ekranoplan  to  the 
point  of  application  of  a lift  increment  because 
of  a change  in  flight  altitude  (xpp); 


m » 

0 ^ £ — - reserve  of  the  longitudinal  static  stability  with 

F*  P respect  to  overload  (x  , xpa  and  xp^  by 

definition  are  positive  with  the  location  of  the 
center  of  gravity  and  foci  behind  the  leading 
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edge  of  the  MAC  of  the  wing),  let  ur,  write  the 
system  of  equations  of  the  disturbed  motion  of  the 
ekranoplan  (2)  in  the  following  form  convenient 
for  analysis : 


(D»  + 2U>  + ■{)  A«  + D - c*^xt  - x,i  + ■&. j J a//-  -jt- 

rc*yU-(D*-KX)Lf1^0. 


In  the  absence  of  the  effect  of  the  screen,  i.e.,  the 
effect  of  the  flight  altitude  on  aerodynamic  coefficient:-.  (c|J» 

D y 

■m  «0),  this  system  falls  into  two  Independent  equations:  the 

z 

equation  of  the  short-period  motion 

and  the  equation  which  describes  a change  in  the  altitude  depending 
on  the  change  in  the  angle  of  attack. 


*«;*•(*),  i.e., 

or  the  equations  which  describe  a change  in  the  angle  of  attack 
and  flight  altitude  in  the  short-period  motion. 


(D*  + 2U>  + •*)  A«  - m* Af(t), 

** 

(D*  + 2U>  + •*)/)»  A/?-  f9 ml* A?  (t). 


? 

With  2£>0  and  Wq>0  in  the  isotropic  atmosphere  at  constant 
velocity,  the  aircraft  is  stable  with  respect  to  angle  of  attack 
and  is  neutral  in  flight  altitude.  Consequently,  for  the  precise 
maintaining  of  constant  altitude  of  the  flight,  there  must  either 
be  the  pilot’s  virtually  continuous  interference  in  the  aircraft 
control  or  the  introduction  of  stabilization  of  the  aircraft  with 
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respect  to  the  altitude  by  the  means  of  automatic  control. 

With  flight  near  the  screen  (l.e.,  the  earth's  surface 
or  water)  the  forces  and  momenta,  which  act  on  the  aircraft  depend 
substantially  not  only  on  the  angle  of  attack  but  also  on  the 
altitude.  Therefore,  the  system  which  describes  the  motion  cf 
the  eKranoplan  at  constant  velocity  does  not  break  up  into  two 
iniepr  adent  second-order  equations.  By  eliminating  an  increase  In 
tre  angle  cf  attack  from  the  system,  it  is  possible  to  write  one 
equation  of  the  fouith  order,  which  describes  a change  in  the  flight 
altitude  of  the  ekranoplan  in  the  short-period  motion 

|d‘ -r  250*  + K - fC*)D*  - - e;)D  + 


Similarly  it  Is  possible  to  write  the  equation  which  describes 
j change  lr.  the  angle  of  attack  of  the  ekranoplan: 


[ D'  + 2sD>  + (-’  - c*  (I,*  - i*)J  A*  - 


2 Let  us  write  the  characteristic  equation  of  the  system 

in  tne  standard  form: 


D‘  + At  D*  + At  V'  + A,D  + At  «0, 


where 


*>  + «;" 

t,  5 
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where 


A,  - — kJ(*  - *;)-  (*7#  +«i); 

a 1,1  -I  u=  *t£><cy  w«> 

*«“T  * Td(*,T1)  • 


D(c  , m ) 

^ ■ ■ is  the  Jacobian  functions  c (a,  H)  and  m_(a,  H). 

D(a,  R)  y 2 

The  stability  of  motion  in  the  case  of  the  equation  of  the 
fourth  order  will  be  provided  for  with 


Au  At,  At>0  and  A,AtA,— A\At—  X|>0. 


For  all  the  aircraft  designs  in  the  field  of  flight  angles 
of  attack,  inequality  c“>0  is  fulfilled.  The  conditions  of  the 
stabilization  of  ekranoplan  outside  the  effect  of  the  screen  is 
the  fulfillment  of  inequality  a <0. 

From  tests  of  profiles,  wings  and  layouts  of  aircraft  near 

the  screen,  it  is  known  that  usually  the  lift  coefficient  at  the 

assigned  angle  of  attack  is  increased  with  the  approach  toward 

D 

the  screen  (Fig.  1),  i.e.,  c <0. 

From  equations  for  the  calculation  of  coefficients  of  A^,  it 
is  evident  that  under  these  assumptions  conditions  A^>0,  A2>0 
and  A^>0  are  always  satisfied.  Consequently,  the  stability 
conditions  of  the  short-period  motion  of  the  ekranoplan  with 

flight  near  the  screen  are  reduced  to  two  inequalities:  An>0 

2 2 ^ 
and  A^AgA^-A^A^-A^O . 

The  satisfaction  of  the  first  condition  ensures  the 
aperiodic  stability  of  the  ekranoplan  (i.e.,  the  absence  of  the 
nonnegative  real  roots  of  the  characteristic  equation),  and  the 
satisfaction  of  the  second  condition  ensures  its  oscillatory 
stability  (i.e.,  the  absence  of  the  nonnegative  real  parts  of  the 
complex  roots  of  the  characteristic  equation). 
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After  substituting 
the  expressions  which 
determine  the  coefficients 
in  terms  of  arodynamic 
derivatives,  it  is  possible 
to  write  the  stability 
criteria  of  the  ekranoplan 
in  the  short-period  motion 
in  the  following  form: 

aperiodic  stability  - 

(3) 


or,  at  any  sign  by  deriv- 
ative cR, 

y* 


D(c,\  ma) 


<0; 


(3a) 


V 


oscillatory  stability  - 


/ i c*y 


2t 


xt 


-■a- 


xfn  - , 

xrTt  • 


( r7  " 7* ) « 

Ur''+—  j<0- 


<*) 


Thus  in  order  to  insure  the  aperiodic  stability  of  the 
ekranoplan,  it  is  necessary  by  the  selection  of  the  aerodynamic 
layout  to  insure  the  position  of  the  focus  in  altitude  above  the 
screen  (Xj,^)  in  front  of  the  focus  with  respect  to  the  angle  of 
attack  (xp  ).  To  provide  for  oscillatory  stability,  it  is  necessary 
to  select  centering  xT  in  an  appropriate  manner. 

Consequently,  unlike  the  aircraft  the  longitudinal  static 
stability  of  which  in  the  absence  of  the  compressibility  effect 
cf  the  air,  with  any  aerodynamic  layout,  can  always  be  provided 


/ 
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for  by  the  selection  of  centering,  the  longitudinal  aperodic 
(static)  stability  of  the  ekranoplan  under  these  conditions  can 
be  provided  for  only  witli  a definite  form  to  the  selected  aero- 
dynamic layout.  If  the  ai'fiuiy  ,1.1ml  0 layout  of  the  ekranop  Ian  la 
such  that  the  focus  In  altltud*  above  the  screen  is  placed  behind 
the  focus  with  respect  to  the  angle  of  attack,  then  by  the 
selection  of  the  center-of-gravity  location  the  aperiodic  stability 
of  the  ekranoplan  cannot  be  insured. 

In  model  tests  with  a screen  in  wind  tunnels  understood  by 
the  height  of  the  model  above  the  screen  usually  is  the  distance 
from  the  screen  to  the  trailing  edge  of  the  wing  at  the  place  of 
its  intersection  with  the  mean  aerodynamic  chord. 

Unaer  conditions  of  considerable  dependence  of  the  aerodynamic 
characteristics  of  the  ekranoplan  on  flight  altitude,  the  deriv- 
atives c®  and  m®  and  the  focus  for  the  angle  of  attack  xFa  prove 
to  be  dependent  on  the  point  with  respect  to  which  there  occurs 
the  rotation  of  the  ekranoplan  with  a change  in  the  angle  of 
attack.  The  focus  in  altitude  xpp  does  not  depend  on  the  position 

on  the  MAC  of  this  point.  If  values  c®,  m®  and  x„  , determined 

y z r a 

with  the  rotation  of  the  ekranoplan  relative  to  the  trailing  edge 
of  the  wing,  are  assigned,  then  their  values  with  the  rotation 
of  the  ekranoplan  relative  to  the  center  of  gravity  can  be 
calculated  according  to  the  equations 


(<J)t  — «*(  1 -*T); 

w;» 


xfT) 


XFvt  XF*  s.  k ' 


C/i.1 


V«  11 


c » 

C;i.i 
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(in  the  calculation  of  the  derivatives  m„  _ „ and  nr  the  moment 
is  measured  relative  to  the  center  of  gravity  of  the  ekranoplan 
3 , and  therefore  both  derivatives  depend  on  the  centering). 

It  is  obvious  that  with  the  center-of-gravity  displacement 
of  the  ekranoplan  forward  chordwise,  its  focus  with  respect  to 
the  angle  of  attack  is  displaced  to  the  side  of  the  focus  in 
altitude  above  the  screen  and  in  the  limit  coincides  with  it  with 
x^-*— oo.  Thus,  the  use  for  evaluation  of  the  static  longitudinal 
stability  of  the  ekranoplan  of  data  of  model  tests  in  wind  tunnels 
in  which  the  angle  of  attack  was  changed  with  the  rotation  of  the 
model  relative  to  the  trailing  edge  of  the  wing  cannot  lead  to  an 
inaccurate  qualitative  evaluation  - the  order  of  location  of  the 
foci  on  the  MAC  of  the  wing  does  not  depend  on  the  center  of 
rotation  of  the  wing  with  a change  in  the  angle  of  attack,  i.e., 
on  the  centering  of  the  ekranoplan. 

The  account  of  velocity  change  in  the  examination  of  the 
disturbed  motion  of  the  ekranoplan  virtually  does  not  change  the 
condition  of  the  aperiodic  stability  - the  maximum  rear  centering, 
determined  not  allowing  for  a change  in  the  flight  speed,  is 
somewhat  displaced  back  in  comparison  with  the  actual,  and  with 
sufficiently  forward  centering  the  ekranoplan  again  loses 
oscillatory  stability. 

3.  Let  us  consider  for  an  example  the  longitudinal  static 

(aperiodic)  stability  in  flight  near  the  screen  of  a delta-wing 

airplane,  which  has  an  elevator  unit  on  its  fuselage,  the 

aerodynamic  characteristics  of  which  were  given  in  Fig.  1. 

Figure  2 gives  these  character istlcs  reconstructed  into  the 

dependence  m (c  ) with  R=const  and  a=const  (H  - distance  from  the 

z y 

center  of  gravity  of  the  model  to  the  screen).  The  slope  tangents 
ol’  these  curves  are  the  reserves  of  stability  in  angle  of  attack 
cv(a)  - - 

m =x.r-xFtt  and  in  height  of  the  flight  above  the  screen 
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%<R)  . . 

mzJ  “xt”xFH*  respectively,  with 
evident  that  at  all  the  bright:-, 
the  screen  ami  at  all  anglrs 
of  attack  the  negative  slope 
of  the  curve  a*const  is  more 
than  the  slope  of  the  curve 
S=const:  this  means  that  the 

focus  in  angle  of  attack  of 
the  aircraft  is  located  in 
front  of  the  focus  in  height, 
which  indicates  the  aperiodic 
instat,.lity  of  the  aircraft 
with  flig.it  neax1  the  screen. 


the  centering  xT  = 0.3r^.  It  is 
within  limits  of  the  effort  of 


Taking  Into  account  tli.it-  the  focus  in  aur.l.o  of  nlt-aok  of 
wings  of  small  aspect  ratios  with  the  approach  toward  the  screen 
only  very  insignificantly  Is  displaced  back  so  that  the  isolated 
wing  can  be  considered  neutral  in  height  above  the  screen  or 
weakly  unstable,  the  considerable  instability  of  the  aircraft  of 
a normal  configuration  with  the  low-positioned  elevator  unit  can 
be  explained  by  the  fact  that  with  the  setting  of  the  elevator 
unit  in  the  lower  position  the  focus  in  height  above  the  screen 
is  shifted  back  more  than  is  the  focus  in  angle  of  attack. 


The  setting  of  the  fin  on  fuselage  in  front  of  wing  (canard 
configuration),  obviously,  will  lead  to  a shift  in  the  focus  in 
angle  of  attack  forward  and  virtually  will  not  change  the  position 
of  focus  in  height  above  the  screen,  since  the  fin  will  undergo 
considerably  less  ground  effect,  since  it  lies  above  the  wing  at 
positive  angles  of  attack,  and  its  area  is  considerably  less  than 
the  wing  area.  Hence  it  follows  that  the  aircraft  designed  in 
a canard  configuration  will  also  be  aperiodically  unstable  in 
flight  near  the  screen. 


Thus,  the  ekranoplan  for  providing  longitudinal  static 
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stability  in  flight  near  the  screen  must  have  a special  aerodynamic 
design  distinct  from  designs  characteristic  for  aircraft  with  a 
low  aspect-ratio  wing. 

One  <.f  the  possible  aerodynamic  designs  of  the  okranoplar. , 
proposed  by  Lippish  [1],  has  highly  positioned  elevator  unit. 

-ueh  a fin  shifts  the  focus  In  angle -of  attack  considerably  mono 
than  does  the  focus  In  height  above  the  screen,  since  it  is  located 
in  a zone  of  a suf fl ciently  weak  effect  of  the  screen  vat  least 
at  sufficiently  small  angles  of  attack).  This  design  ensures  the 
position  of  i'ocus  in  angle  of  attack  behind  focus  in  height  above 
the  screen  under  conditions  of  the  maximum  lift-drag  ratio. 

Another  configuration  can  be  "bob-tailed"  with  overflew  in  the 

ro  t part  (aircraft  of  "Dragon"  .l-V>  type).  With  the  approach  toward 

he  screen  the  overlow  Insignificantly  changes  the  posit  Ion  of 

the*  focus  In  angle  of  attack  ( x , , ) but  noticeably  shifts  forward 

i*  a 

the*  focus  in  the  height  of  the  flight  (x^n)  because  of  a liecrease 
in  the  relative  distance  from  tin*  screen  of  the  wing  center 
cect  Wi  with  overflow  in  fi-enl. 

4.  For  the  practical  problems  of  the  evaluation  of  flic  static 
it.!.-  If.v  o'  .tie  ekranoplan  based  on  materials  of  tests  of  its 
u^l  in  a wind  tunnel,  it  proves  to  be  possible  to  write  the 
endit.1  n cf  the  aperiodic  longitudinal  stabili*  ‘ the 
.aiiv.pi.Hij  '}a)  in  another  Vo:  m , which  makes  X\  ^0*slble  to  make 
evaluations  according  to  only  one  derivative  defined  uc  the  slope 
et  the  experimental  curve,  virtually  withb'dt  the  '»ddit. i otri  1 
■ec  r.  traction  oi  curves  obtained  as  a result  of  modi  I tools. 

The  ■ air  Inequality 

< o 

D(>.  ft) 

*n  t wr*itter  In  any  of  the  following  four  forms. 


/ 
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dc 


da 


l*i,=0 


m?<  0; 


dm, 

da 


r.« 


dc.  | _ 

■577  oOT‘>0: 

an  | *>,=o 

dm, 

dll 


^ r.  •» 


0 


(tit: 


o is  the  eoeffi  o i *miV  of  1 1 1*  t In  a In'  i*l  sent  ;il  steady 

i r.rr 


Hight).  It  if?  most  convenient  to  use  one  of  the  lust,  two 
inequalities . Since  under  eruLs.ing  conditions  of  th.e  flight 

n q 

c <G,and  c,  >0,  the  stability  criteria  can  be  written  in  ibe 

y «/ 


dm, 

da 


V**'" 


<0; 


dm, 

dh  It,-*,  r.n 


<0. 


With  rna<0  criterion  Cy 


<0  can  be  used.  The  derivatives 


dH  o 

can  be  found  as  slopes  of  curvt  s of  m„(ct)  at  c =ecnst , 
with  c =const  or  c ( R ) with  m „=0  , as  is  shown  on  Figs.  3- " . 

J *’  w 


dince  tne  stability  cf  the  ekr-anoplan  is  estimated  under 
conditions  cf  steady  flight,  the  examination  of  stability, 
strictly  speaking,  makes  sense  only  with  m.  = 0,  i.e.,  at  point 
of  balancing. 


FTL-MT-24-2792-7i* 
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Figure  5 


- n the  analysis  of  the  stability  of  the  aircraft,  usually 
t!  • assnmpti  r.  is  made  that  the  control-surface  deflection  doe? 
i ;*  change  the  position  of  focus  in  angle  of  attack,  or,  in  other 
..  'ds.  the  slope  of  the  curves  m (a).  Accepting  this  assumption 
i'o]  me  ekranoplan  and  assuming  additionally  that  the  control 
a 'lection  do-  o not  change  the  position  of  the  focus  in  height 
n "'■'o  the  pciv-m,  wo  obtain  the  possibility  of  Judging  the 
. taoi.ity  in  alope  of  the  appropriate  curve  in,. (a)  or  mr.(lP  with 
v,  = c,  r<p  and  the  arbitrary  value  of  the  pitching  moment  . 
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